Abstract. The proto-oncogene recepteur d'origine nantais (RON, MST1R) and its alternatively spliced variants are involved in various tumor biological processes, such as cell motility, adhesion, proliferation, apoptosis and epithelial-tomesenchymal transition (EMT). RON overexpression and the occurrence of specific alternatively spliced RON isoforms have been detected in ovarian cancer. In the present study, we evaluated the role and regulation of cancer-related RON splicing isoforms in primary ovarian cancer. Expression of RON variants (RONΔ165, RONΔ160) was determined in 45 primary ovarian cancer and 4 physiological ovarian tissue specimens by RT-PCR and western blot analysis. The results were correlated to clinicopathological parameters. Additionally, expression of splicing factors with known involvement in RON alternative splicing regulation was examined. Increased RON levels were detected in all tumor samples (P=0.001) without differences between the primary tumors and metastases. Alternative RON variants were present in the majority of tumor samples (39 of 45; 86.67%). Potential RONΔ165 occurred more often (82.22%) than potential RONΔ160 or RONΔ155 (24.40%). Several significant correlations of RON and splicing factor expression [e.g. ASF/SFRS1 (P=0.035)] were detected. Correlations of RON expression to clinicopathological parameters were not observed. Significant splicing factor interactions (e.g. SRp55/SRp75: P<0.001) were observed in tumor samples with alternative RON splicing. Our data demonstrated upregulated RON isoform expression and significant changes in splicing factor expression in primary ovarian cancer. These findings account for an essential regulatory interplay of splicing factordriven alterations in the RON alternative splicing pattern with subsequent tumor biological consequences in ovarian cancer.
Introduction
Regulation of gene expression is predominantly directed by alternative pre-mRNA splicing. A fine-tuned balance of factors is vital to the subtle distinction in the determination of splicing patterns with crucial biological consequences. Alterations in alternative splicing patterns result in functional changes in gene products and may account for both the cause or consequence of various human diseases (1) . Cancer-associated changes in splicing processes accompanying the development and progression of malignant phenotypes have been identified in numerous studies (2, 3) . Various pre-mRNAs originating from aberrant splicing most likely predispose cancer and are under consideration to serve as therapeutic targets (2) , e.g. tumor suppressors (4), angiogenic factors (5-7) or apoptosis inhibitors (8, 9) . Specific pre-mRNAs from alternatively spliced genes have been shown to contribute to acquisition of drug-resistant phenotypes in reaction to anticancer chemotherapies (10) .
The proto-oncogene recepteur d'origine nantais (RON, MST1R) encodes a transmembrane tyrosine kinase receptor for macrophage-stimulating protein (MSP) and plays a crucial role in various tumor biological processes, such as cell motility, adhesion, proliferation, apoptosis and epithelial-to-mesenchymal transition (EMT) (11) . The 185-kDa RON mature protein is characterized by a disulfide-linked extracellular α (40 kDa) and a transmembrane β chain (145 kDa) and is organized in heterodimers with unique functional features of the MET protein family to control cell dissociation and invasion of extracellular matrices (scattering) (12, 13) . The multifunctional factor is involved in several oncogenic pathways, such as PI-3 kinase/Akt, β-catenin, MAP kinase and JNK (14) , where functional diversity originates from various alternative RON splice variants (13) . In addition to mature RON, six isoforms emerging from alternative pre-mRNA splicing, protein truncation or alternative transcription start have been identified to date (Table I) (13, 15) .
Expression of alternative RON isoforms Δ160 and Δ165 are clearly correlated to tumor progression processes (12, (16) (17) (18) . Altered RON expression profiles represent an auspicious target for therapeutic approaches, such as chemical inhibitors or specific antibodies against cancer-associated RON protein variants (13) . (19) . Malignant transformation in ovarian cancer is supported by several molecular changes such as upregulation of RTKs (receptor tyrosine kinases), mutation of tumor suppressor genes and increased activity of proteolytic enzymes.
RON alternative splicing regulation in primary ovarian cancer
Ferrandina and colleagues (20) investigated the prognostic relevance of RON protein expression levels in ovarian cancer patients by immunohistochemical analysis pointing out a specific significant link of platinum resistance and RON expression. The correlation of RON-associated chemoresistance against cisplatin was also shown in vitro (21) .
Splicing factors belonging to the family of SR proteins (SRp20, SRp40, SRp55, SRp75 and ASF/SFRS1) and hTra2-β1 play a crucial role in constitutive and alternative splicing and are involved in post-transcriptional processes such as mRNA nuclear export, nonsense-mediated decay and translation (22, 23) . In breast cancer as well as in ovarian cancer a specific induction of different splicing factors has been observed (24, 25) . Yb-1 is a member of the family of coldshock proteins and acts as a splicing and transcription factor. In ovarian cancer, overexpression of Yb-1 is associated with chemotherapy drug resistance and serves as a negative prognostic factor (26, 27) .
The functional role of RON in ovarian carcinogenesis remains unclear. In the present study, we performed a targeted analysis of expression of specific RON variants in primary ovarian cancer and investigated its potential correlation to clinicopathological parameters. Since RON alternative splicing is governed by splicing factor activity (13,28) we also performed correlative analysis of expression levels of several splicing factors with known involvement in RON mRNA processing. Statistical analysis. The patient cohort (N=43) was subgrouped for statistical analysis in regard to age, FIGO stage, TNM stage, histological subtype, grade, localization of tumor tissue sampling and resistance to platinum-derived chemotherapy (Table II) . Statistical analysis was performed using SPSS software (version 20.0; SPSS, Inc., Chicago, IL, uSA). Correlations were tested with the Spearman's correlation coefficient (r S ) and the Mann-Whitney u test. A P-value <0.05 was considered to indicate a statistically significant result.
Materials and methods

Patients
RNA isolation and PCR methods. Total RNA was isolated by TRIzol ® reagent (Invitrogen™, Life Technologies™ GmbH, Thermo Fischer Scientific, Darmstadt, Germany) method according to the manufacturer's protocol after homogenization of tissue specimens by ultra-Turrax ® (IKA Werke, Staufen, Germany). RNA quality and quantity was determined by densitometry. Reverse transcription of 2 µg purified RNA into cDNA was performed using MMLV-RT (Promega GmbH, Mannheim, Germany), RiboLock RNase inhibitor (Fermentas GmbH, Thermo Fischer Scientific, St. Leon-Roth, Germany), and random hexamer primers (New England bioLabs GmbH, Frankfurt, Germany) followed by either real-time PCR using QuantiFast SYbR-Green PCR Master Mix (Qiagen, Hilden, Germany) or conventional RT-PCR Taq polymerase (Genaxxon bioscience GmbH, Ulm, Germany) and gene-specific primers. For best possible precision only singular PCR was performed. Isoforms with known oncologic potential, such as isoforms with exon 5 and 6 skip (potential RONΔ165) and exon 11 skip (potential RONΔ160) were investigated. A PCR spanning exons 4 to 12 was not performed since estimated amplicon sizes (>1,000 bp) were too big for accurate separation. Expression levels of housekeeping gene RPS18 served as the comparative value. The sequence of primers and expected amplicon sizes were: for real-time PCR: RPS18-S, 5'-TAC TCA ACA CCA ACA TCG ATG GGC-3' and -AS, 5'-GCT TTC CTC AAC ACC ACA TGA GCA-3'; HIF-1α-S, 5'-CGT TCC TTC GAT CAG TTG TC-3' and -AS, 5'-TCA GTG GTG GCA GTG GTA GT-3'; RON standard-S, 5'-TGA GGT CAA GGA TGT GCT GA-3' and -AS, Protein isolation and western blot analysis. Protein isolation was performed in parallel to RNA extraction by TRIzol ® reagent method according to the manufacturer's protocol after homogenization of tissue specimens by ultra-Turrax ® . Protein concentrations were determined with the bCA™ protein assay kit (Pierce, Thermo Fischer Scientific, Rockford, IL, USA). Protein samples were separated by 10% SDS-PAGE and transferred onto polyvinylidene difluoride (PVDF) membranes (Carl Roth GmbH & Co. KG, Karlsruhe, Germany) by using a bio-Rad Trans-blot Cell (bio-Rad Laboratories GmbH, Munich, Germany). Membranes were soaked in blocking solution [phosphate-buffered saline (PbS) with 3% dry non-fat milk, 0.1% Tween-20] for 1 h at room temperature and incubated with the primary polyclonal rabbit IgG antibody anti-RON β (Santa Cruz biotechnology, Inc., Santa Cruz, CA, USA; dilution 1:500) in blocking buffer overnight at 4˚C. After washing, the membranes were further incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG secondary antibody (Jackson ImmunoResearch Europe Ltd., Suffolk, uK; dilution 1:7,500) in blocking buffer for 2 h at room temperature. Finally the immunocomplexes were made visible by an enhanced chemiluminescence western blot detection kit (Pierce) and exposed to X-ray film (Fujifilm Europe GmbH, Düsseldorf, Germany).
Results
Expression of oncogenic RON variants in primary ovarian
cancer. Forty-five tumor samples of primary ovarian cancer Fig. 1 and Table III ). Alternative splicing of RON exon 5/6 or exon 11 was noted in 39 of the 45 tumor samples (86.67%) whereas 6 tumor samples showed no alternative splicing of RON (13.33%). Notably, the non-pathological ovarian tissues did not express any RON mRNA variants.
RT-PCR analysis employing RON exon 4 to 7 spanning primers resulted in the detection of three different amplicons. Full length RON (445 bp) expression was found in most malignant ovarian tissues (39 of 45; 86.67%). The expected potential RONΔ160 or RONΔ155 mRNA (119 bp), characterized by exclusion of exon cassette 5-6, was observed in a fraction of tumor samples only (11 of 45; 24.40%). The third RT-RCR amplicon with estimated 280 bp was detected at a higher frequency in the ovarian cancer tissue specimens (29 of 45; 64.44%). This RON mRNA could have been either characterized by solitary exon 5 (284 bp) or exon 6 exclusion (297 bp), whereas subsequent sequence analysis clearly identified the exon 5 skipping mRNA variant (284 bp) ( Fig. 2A) . In the metastatic tissues, expression of RON mRNA variants with exclusion of exon cassette 5-6 was more frequent than that in the primary tumors (35 vs. 16%), whereas in the primary tumor samples, expression of the exon 5 skipping mRNA variant (285 bp) was observed more often (76 vs. 50%).
Expression analysis of RON variants with exon 11 skipping (potential RONΔ165) via RT-PCR was performed using RON exon 10 to 12 spanning primers and resulted in the detection of conventionally spliced RON including exon 11 (339 bp) as well as an exon 11-skipping RON variant (192 bp) with varying intensity in the majority of the ovarian tumor tissues (37 of 45; 82.22%). In the metastatic tissues, expression of RON variants with exclusion of exon 11 was more frequent than that in the primary tumor tissues (90 vs. 76%). Additionally, another amplicon (509 bp) occurred in almost all analyzed malignant tissues (44 of 45; 97.78%). This mRNA originated from intron 10-11 and intron 11-12 retention. Sequencing analysis revealed that this PCR product does not encode for a biologically active protein, since premature termination codons (PTCs) are introduced (Fig. 2b) . PTCs most likely constitute RNA degradation via nonsense-mediated decay.
Quantitative RON protein expression analysis (western blot analysis) employed a specific antibody directed against the C-terminus of RON. Non-pathological ovarian tissues showed expression of two RON protein isoforms only, in fact unprocessed pre-RON (190 kDa) and 'short form RON' (RONΔ55 with 55 kDa). Ovarian tumor specimens also expressed pre-RON and RONΔ55, plus a variety of additional protein isoforms, e.g. RONΔ155 (125 kDa β-chain), RONΔ160 (135 kDa, β-chain), RONΔ165 (165 kDa, single chain) (data not shown). Only slightly differing molecular weights of the different isoforms made a precise quantification impossible.
In the ovarian tumor samples, a significant correlation between total RON splicing and the expression of splicing factors ASF/SFRS1 (P=0.035), SRp40 (P=0.015), SRp55 (P=0.015) and SRp75 (P=0.039) was detected. More detailed analysis comparing tumor samples with alternative splicing of RON exon 5/6 or exon 11 (N=39) to tumor samples without alternative splicing of RON exon 5/6 or exon 11 (N=6) revealed different correlations to splicing factor expression. While tumor samples with alternative splicing events of RON were characterized by significant correlations of RON expression and the expression of certain splicing factors (SRp40, P=0.047; SRp55, P=0.005; SRp75, P=0.019), no significant correlations in tumor samples lacking RON alternative splicing were found, except for SRp40 (P=0.005). Notably, tumor tissues with alternative splicing of exon 5/6 (potential RONΔ160, N=11) showed no correlation of RON expression to splicing factors.
In contrast, in the tumor samples with alternative splicing of exon 11 (potential RONΔ165, N=37), significant correlations of RON expression to SRp40 (P=0.033), SRp55 (P=0.05) and SRp75 (P=0.028) were determined (Table IV) . Significant correlations of RON expression and clinicopathological parameters such as age, FIGO stage, grade, histological subtype or resistance to platinum-derived chemotherapy were not detected in the analyzed tumor samples in general as well as in any subgroup (e.g. tumor samples with RON alternative splicing) (Table V ). An exceptional significant correlation of RON expression with grade (P=0.043) was found in the metastatic issues.
Expression of splicing factors in the ovarian tumor specimens.
To elucidate the potential role of intrinsic splicing factors within malignant cells, we investigated the expression patterns of those factors, known to be involved in the regulation of RON mRNA processing.
Expression levels of splicing factors ASF/SFRS1, htra2-β1, Yb-1, SRp20, SRp40, SRp55 and SRp75 were evaluated in the ovarian tumor samples (N=45) and non-pathological ovarian tissue specimens (N=4) by real-time-RT-PCR analysis. In comparison to the non-pathological tissues, the expression of all investigated splicing factors showed a significant upregulation in the ovarian tumor samples (Table VI) .
Except for SRp20 (118.00±7.86 vs. 113.75±6.72, P=0.027) no difference in expression levels of the splicing factors in the primary tumor samples (N=25) vs. metastases (N=20) were evident.
In tumor samples with alternative RON splicing various significant splicing factor interactions were observed (e.g. SRp55/SRp75; P<0.001). Notably, this phenomenon was not detected in the tumor samples lacking RON alternative splicing (Table VII) .
Statistical correlation analysis in regard to splicing factor expression and clinicopathological features showed a significant correlation of Yb-1 (P<0.001), SRp40 (P=0.046), SRp55 (P=0.002) and SRp75 (P=0.002) with FIGO stage I and II (N=12) compared to FIGO stage III and IV (N=30). Yb-1 also showed a significant correlation to platinum resistance (P= 0.042). Other significant correlations of splicing factor expression and clinicopathological parameters such as age, grade or histologic subtype were not observed. (11) . In the present study, we analyzed the expression of RON and specific alternatively spliced RON variants with known oncologic potential in ovarian cancer tumor samples. In addition, the expression levels of splicing factors which are involved in the regulation of alternative splicing of RON were investigated. In all of the ovarian tumor samples (N=45), high levels of RON expression were detected, whereas in the non-pathological ovarian tissues (N=4) RON expression was absent (P=0.001). This observation supports the findings of Maggiora et al (29) who described overexpression of RON in ovarian carcinomas but only rarely detectable RON expression in normal ovarian tissue. There was no difference in RON expression regarding the origin of the sample (primary tumor vs. metastasis). Alternatively spliced RON variants with exclusion of exon 11 (potential RONΔ165) were present in the majority of the analyzed tumor samples (82.22%) whereas the alternatively spliced RON variant with exclusion of exon 5/6 (potential RONΔ160 or RONΔ155) was detectable in 24.40% of the tumor samples only. Expression of alternatively spliced RON variants was more frequent in metastases than in the primary tumors (exon 5/6 skip, 35 vs. 16%; exon 11 skip, 90 vs. 76%). The findings at the mRNA level were confirmed by western blot analysis at the protein level. While the non-pathological ovarian tissues only demonstrated pre-RON and RONΔ55 expression, ovarian cancer specimens expressed a variety of RON isoforms (including pre-RON, RONΔ55, RONΔ160 and RONΔ165).
Since alternatively spliced RON variants with exclusion of exon 11 (potential RONΔ165) are present more often in ovarian tumor samples than other alternatively spliced RON variants, these isoforms may play a more important role in ovarian cancer development and progression than others. Elevated expression levels of alternatively spliced RON isoforms in metastases in comparison to primary tumors might indicate that alterations in RON mRNA processing not only occur during tumor development, but are most likely an accompanying phenomenon in gradational ovarian cancer progression. Significant correlations of RON mRNA expression (neither overall RON expression nor expression of the investigated alternatively spliced RON variants) to clinicopathological parameters such as FIGO stage, grade or platinum resistance were not found in the present study. These findings are consistent for the most part with an immunohistochemical study of Ferrandina et al (20) , who observed no correlations of RON expression to age, FIGO stage and histology. In the present study significant correlations were found for grade 3 and higher incidence of immunohistochemical RON expression as well as a significant inverse correlation of RON expression and survival in the subgroup of patients with platinum-resistant ovarian cancer recurrence.
To elucidate the role of intrinsic splicing factors in alternative splicing in ovarian cancer, we also analyzed the expression of splicing factors known to be involved in RON mRNA processing.
All investigated splicing factors ASF/SFRS1, htra2-β1, YB-1, SRp20, SRp40, SRp55 and SRp75 showed a significant upregulation in the ovarian cancer samples when compared to the non-pathological ovarian tissues. Except for SRp20, no differences in splicing factor expression were noted in the primary tumors and metastases. Significant correlations of RON expression and splicing factors were noted in the ovarian cancer samples in general as well as in samples with known alternative splicing events of RON. These groups could also be characterized by significant interactions of splicing factors. In contrast in the tumor specimens without alternatively spliced RON mRNA neither correlations of RON to splicing factor expression nor significant splicing factor interactions were observed. These findings emphasize the crucial role of the investigated splicing factors for RON mRNA processing. Notably, alternative splicing of RON exon 5/6 does not appear to be regulated by the investigated splicing factors since there were no correlations observed for RON expression and splicing factor expression in the tumor samples exhibiting alternative exon 5/6 splicing.
Several splicing factors were correlated to FIGO stage. A significant inverse correlation of Yb-1, SRp40, SRp55 and SRp75 to FIGO stage I and II vs. FIGO stage III and IV was found in the present study. Yb-1 was also correlated to platinum-resistance. These findings are consistent with other previously published studies (26, 27) .
In conclusion, our findings account for an essential regulatory interplay of splicing factor-driven alterations in the RON alternative splicing pattern with subsequent tumor biological consequences in the development and progression of ovarian cancer. To the best of our knowledge, this is the first study describing significant changes in splicing factor expression in the regulation of RON alternative splicing in ovarian cancer patients. The observed essential interplay of different splicing factors in the mRNA processing of RON in ovarian cancer might extend the options for new therapeutic approaches not only to alternatively spliced RON isoforms but also to the involved regulatory splicing factors.
